Water photolysis to molecular hydrogen and oxygen is one of the most promising chemical reactions for a sustainable hydrogen generation. The search for catalysts for this process is an important research area; some of the most suggested catalysts are manganese complexes. However, several studies propose the use of the complex: tris(bipyridine)ruthenium(II) chloride to be used as catalyst in artificial photosynthesis. In spite of this, the conferred properties by the 2,2 0 -bipyridyl ligand, in manganese or ruthenium complexes has not yet been discussed extensively.
Introduction
One of the most important reactions in nature, is the process of water splitting in molecular oxygen and ions hydronium using light [1] . This represents one of the most promising and challenging ways to generate a photochemical conversion and storing solar energy. It is also considered the starting point to a sustainable hydrogen generation [1e3] . Nowadays, energy systems based in hydrogen appears to be one of the most promising solutions in promoting a cleaner environment [4] .
The photocatalytic water splitting occurs naturally during photosynthesis [2] . This process involves the absorption of light, water and CO 2 to produce food in the form of sugars, such as glucose, which plays a crucial role in for the growth and survival of plants. For this purpose, the plants employ two proteinic complexes localized in the thylakoid membranes of plants, algae and cyanobacteria: Photosystem I (PSI) and photosystem II (PSII) [2,5e7] . In PSI, the protons and electrons are involved in several redox reactions, by using the electrons transferred from photosystem II, through the complex Cytochrome-b 6 f and collaborate in the cycle of coenzyme NADP þ , which becomes NADPH, this provides the reducing power for CO 2 fixation, this is a complex process barely understood, which involves The Calvin Cycle [8] . On the other hand, the PSII contains the Oxygen-Evolving Complex (OEC), which is a cluster consisting in an oxoconnected structure that promotes the water splitting reaction [7] . In this catalytic site, the light contributes to splitting two water molecules to an oxygen molecule, 4 hydronium ions and 4 electrons [6] . Knowing the molecular structure of the OEC is a prerequisite for understanding and possible mimicking of the water splitting reaction and the metallic cluster involved. Numerous studies describe a possible mechanism promoted by the metallic core, however, the details of the true role of the structure of the OEC have not been fully revealed [9] . The cluster OEC consists of a tetra nuclear manganese arrangement, bonded to a calcium and chloride ions [6,10e12] . Different authors have been reported that in nature, this is the only system capable of catalyzing the oxidation of water [13, 14] .
The details of the catalytic mechanism of the water oxidation, remain controversial due to the uncertainties of the cluster structure, the sequence of changes in the oxidation states and the proton release pattern in the metal centers [2] . In the water splitting process, protons and electrons are released and several mechanisms have been proposed to explain the possible steps in this process. The mechanism widely diffused is the Kok cycle which is still debated in the scientific community [15, 16] . Nevertheless, some other mechanisms have been proposed, such as Butterfly/double pivot, 2þ2 and the nucleophilic attack of water/hydroxide to an electrophilic Mn]O bond. However, there is still no consensus about a true reaction pathway [15] .
Molecular hydrogen in pure form is not available on Earth; however, methods for their production have been reported before. Among the different technologies for hydrogen production, natural or artificial oxygenic photosynthesis, have a great potential to produce hydrogen. Both of them use clean and cheap sources: water and solar energy [17] . Nevertheless, the sustainable molecular hydrogen production through direct conversion of solar energy into chemical energy, represent a great challenge [17] . The inspired process in natural photosynthesis, which uses solar energy to promote the chemical conversion of water and/or carbon dioxide to generate fuel, is known as artificial photosynthesis [18, 19] . Usually, employs compounds that works as photosensitizers and collect solar energy. Also, it involves obtaining synthetic models to generate the catalytic activity for the hydrogen generation from the splitting water reaction [17] .
The synthesis of metal clusters as structural models of the OEC and the development of artificial photosynthesis has a great field of potential application. Several metal complexes have been investigated for its use in artificial photosynthesis [20] . One of the most important complexes studied with potential water oxidation is the tris-(2,2 0 -bipyridyl) ruthenium (III) or [Ru(bpy) 3 ] 3þ [19e21] . Some other catalysts have been reported with the capacity for water oxidation. However, they are based on high priced metallic salts or with teratogenic effects [22] . Although, there are only a few reports about manganese complexes capable of catalyzing the oxidation of water [2, 19] , manganese is a promising metal to be used in artificial photosynthesis because of its low cost, owing to the fact that it is environmentally friendly and is naturally contained in the oxygenic cluster of photosynthesis II [2, 20] .
Some spectral analogies can be observed in both, natural and artificial systems for photosynthesis. In natural systems, although several transition states are present in the oxygen-evolving complex for example, in the spinach chloroplast [23] , the spectral analogies between transition states usually present an absorption band at 310 nm. This signal is usually observed and is probably related to the change in the oxidation states of manganese and the geometry of each manganese site [8] . This characteristic may represent an important guide to mimic the electronic structure of the oxygen-evolving complex using coordination compounds. On the other hand, the compound [Ru(bpy) 3 ] 3þ and other similar ruthenium compounds have been widely studied. Several reports suggest that this compound could be used as a photoredox catalyst in water oxidation [2, 21, 24] . Usually presents the highest absorption band at approximately 285 nm [25] .
In this work, the formation constants of the complexes generated with manganese(II), 2,2 0 -bipyridine (Bpy) and 1,10-phenanthroline(Phe) in methanol solution, their speciation and the individual electronic spectrum of each species, are reported. It is widely accepted that the absorption spectrum of a compound can be usually associated to their electronic structure. The purpose of the present work is to evaluate whether the complexes obtained in this study can work as an electronic model for artificial photosynthesis systems, by analyzing the spectral analogies between the compounds reported here, the electronic spectrum of OEC and the electronic spectrum of the complex tris(bipyridine)ruthenium(II). Also, ionic strength was avoided, because it can cause an early precipitation of the complexes, this consideration decreases the ionic solvation sphere and consequently, interferes with the stability of the complexes and their abundance in solution. Because of this, the formation constants in this study may not be considered as true stability constants and can only be used when comparing two systems measured in similar conditions.
Materials and methods

Materials
Methanol HPLC grade (Tecsiquim, Mexico) was used as purchased as solvent, manganese(II) nitrate tetrahydrate,
, were analytical grade and used without further purification. Due to solubility problems no ionic strength was used.
Physical measurements
All spectral measurements were made in a Cary 50 UVeVis Spectroscopy System, at 298 K (RT) using a quartz cell with 1 cm of path length and 3 mL of volume. For all the experiments, the observed spectral region was from 200 to 350 nm. For the determination of formation constants, the spectrophotometric data were fitted with the program HypSpec [26] . Distribution diagrams of species were calculated using the software Hyperquad Simulation and Speciation (HySS) [27] .
Manganese(II)-2,2
0 -bipyridyl equilibrium studies Experiments were performed using two different stock solutions of 2,2 0 -bipyridyl (256 and 348 mM). Mn(NO 3 ) 2 $4H 2 O was used to prepare manganese stock solutions (160 and 216 mM). In each experiment, the final concentration of manganese(II) was set constant at 16 and 21.6 mM, in where the 2,2 0 -bipyridyl concentrations were varied from 2.56 to 48.6 mM and 3.48e66 mM, respectively. A total of 37 spectra were used for the refinement in the HypSpec software, using the modified Job method [28] .
Manganese(II)-1,10-phenanthroline equilibrium studies
Experiments were performed using two different stock solutions of 1,10-phenanthroline (70 and 310 mM). Mn(NO 3 ) 2 $4H 2 O was used to prepare manganese(II) stock solutions (48 and 11.1 mM). In each experiment, the 1,10-phenanthroline concentrations were varied from 1.4 to 14 mM and from 3.1 to 23.3 mM, respectively. In both experiments, the final manganese(II) concentration was set constant at 4.8 and 1.11 mM, respectively. A total of 34 spectra were used for the refinement in the HypSpec software, using the modified Job method.
Results and discussion
In all the equilibrium determinations, it is required to avoid the use of ionic strength, because it promotes the precipitation of the manganese (II) complexes. Nevertheless, in manganese complexes with analogous ligands, an equilibrium behavior is reported, in which the stability constant can decrease as the ionic force increases [29] .
Formation constants of the manganese(II)-2,2
0 -bipyridyl complexes
In several works, the crystal structures of the manganese complexes of 2,2 0 -bipyridyl and 1,10-phenanthroline have been reported before [30] . Meanwhile, in solution, the system manganese(II)-2,2 0 -bipyridyl, also has been studied before under several methods and solvents: using a calorimetric method and dimethylformamide (DMF) as solvent, at ionic strength of 0.4 [31] ; using a kinetic methodology and water as solvent at ionic strength of 0.3 [32] or using methanol at ionic strength of 0.2. [33] . Additionally, using a spectrophotometric method at ionic strength of 0.06 and dimethyl sulfoxide (DMSO) as solvent [34] , hexamethylphosphoramide (HMPA) as solvent with at ionic strength of 0.06 [35] and water as solvent at ionic strength of 0.3 [36] ; using a glass electrode at ionic strength of 1 [37] and finally, a spectrophotometric determination of the optical density of the organic phase in a biphasic system at ionic strength of 1 [38] . A brief review of these systems is presented in Table 1 . In our knowledge, the formation constants of the manganese(II)-2,2 0 -bipyridyl in methanol, have not been reported before without ionic strength by a spectrophotometric method. The electronic spectra for the system manganese(II)-2,2 0 -bipyridyl, in methanol are shown in Fig. 1 . For this system a maximum at 233 nm and other at 280 nm appears at low concentration of 2,2 0 -bipyridyl, as the concentration increases, a hyperchromic effect is observed at both wavelengths. The formation constants b jkl correspond to an equilibrium between Mn 2þ and 2,2 0 -bipyridyl, this determination was obtained by processing the spectra obtained in two experiments at two different concentrations. The process consists in analyzing simultaneously, the spectra of two experiments at two different concentrations of stock solutions of manganese(II) and using different ranges of concentrations of ligand for each experiment. The method generates a correlation between the spectrum obtained, the concentration of metal and ligand used and a proposal of the possible colored species. The observed absorbance values at different wavelengths were recorded at 298 K. In this system, only two colored species plus Mn 2þ and 2,2 0 -bipyridyl were found, the formation constants was achieved using the next model:
The logarithmic values of the formation constants and the summary of the experimental parameters are reported in Table 2 , using the format of Tuck suggested by IUPAC [39] 
Distribution curves of the manganese(II)e2,2 0 -bipyridyl system
The speciation diagram for the manganese(II)e2,2 0 -bipyridyl system is shown in Fig. 2b) . For a solution with equimolar concentration of manganese(II) and 2,2 0 -bipyridyl yields about 60% of [Mn(Bpy)] 2þ , 20% of free manganese(II) and 20% of the bis complex. On the other hand, two molar equivalents of 2,2 0 -bipyridyl and a molar equivalent of manganese, yields about 95% of the bis-complex and 5% of the mono-complex.
Formation constants of the manganese(II)-1,10-phenanthroline complexes
The equilibrium constants of the manganese-1,10-phenanthroline has been reported before under several conditions, using solvents such as dimethylformamide, water and methanol using ionic strength (Table 1) . Nevertheless as far as we know log b 120 ¼ 12.86 ± 0.14 there is no report about an equilibrium determination using pure methanol. The obtained electronic spectra for the system Manganese(II)-1,10-phenanthroline in methanol, are available in Fig. 3a) and b). For this system, a maximum is shown at 225 nm and another peak of lower absorbance at 265 nm, both begin to appear at low ligand concentration. As the concentration of ligand increases a hypercromic effect begin to appear. The determination of the formation constants b jkl , correspond to equilibrium between manganese and 1,10-phenanthroline were made using the same methodology as described above. The observed absorbance values at different wavelengths were recorded at 298 K. Considering that only two colored species were found plus manganese(II) and 1,10-phenanthroline, the determination of the formation constants was achieved using the next model:
The logarithmic values of the formation constants and the summary of the experimental parameters are also reported in Table 2 . The calculated electronic 3þ [25] . (b) Formation curves of the Manganese(II)e2, 2 0 -Bipyridyl complex in methanol [Mn] 2þ ¼ 21.6 mM and 2, 2 0 -bipyridyl range from 3.5 to 66 mM. (Table  1) , in which several factors can be involved, such the method, the solvent and the experimental conditions. Considering the solvents and stability constants of manganese with 2,2 0 -bipyridyl and 1,10-phenanthroline reported in Table 1 in previous studies, the methanol is a better nucleophile than DMSO and HMPA. Considering that donor number represents the nucleophilic character of methanol, which is 19 [40] , is related to the ionic character of solutes and their capacity to donate or accept electron pairs [41] , is possible that solvation sphere of the metal promotes the increasing of binding of metal to the ligand.
On the other hand, 2,2 0 -bipyridyl and 1,10-phenanthroline are considered as ligands with a hard base character and because of their chelating properties, they have been widely used for the syntheses of metal complexes. Also, they present several additional properties as a redox stability and easy functionalization [42, 43] . The complexes with 2,2 0 -bipyridyl are of great interest because of their photochemical properties for potential application to the solar energy conversion [44] . Although, manganese at the oxidation states of 2, 3 and 4 [45, 46] , is classified as hard Lewis acid, because of this, is extremely important that both species, metal and ligand, should possess a hard character, the interaction between metal to ligand and in consequence, the stability of the species, would be greater [46] . These last characteristics promote a metal to ligand charge transfer effect (MLCT). This is usually presented in complexes with metal ions with low oxidation states and half full orbitals as manganese(II) and ligands acting as donors and orbitals p* of low energy as 2,2 0 -bipyridyl and 1,10-phenanthroline [46] . As noted, the complexes of 2,2 0 -bipyridine system have maximum absorbance at 235 and 280 nm, while 1,10-phenanthroline complexes, have maximum absorbance at 225 and 265 nm. This value is very close to the wavelengths of the maximum absorbance of [Ru(bpy) 3 ] 3þ complex; however comparing with the spectra of OEC, this has maximum absorbance at longer wavelengths. Considering the aromatic behavior of the ligand in this study, 1,10-phenanthroline may behave higher aromatic ligand, 2,2 0 -bipyridyl, may behave less aromatic than 1,10-phenanthroline [46] . Considering this, 1,10-phenanthroline may have a stronger basic character, and in consequence a stronger formation constant. Nevertheless the results obtained here, indicate the opposite behavior, this could be related to the rotational flexibility that 2,2 0 -bipyridyl may have, and the rigid character of the 1,10-phenanthroline ligand.
By comparing the electronic spectra of [Ru(bpy) 3 ] 3þ to the systems of manganese (II) with 2,2 0 -bipyridine or 1,10-phenanthroline, several similarities are observed, such as the maximum wavelengths of the spectra. Absorbance peaks with similar wavelengths could indicate that this two complexes could generate a similar electronic charge transfer of metal to ligand of the [Ru(bpy) 3 ] 3þ system. Although as shown in Figs. 2a) and 4a) , the system of Mn(II)-2,2 0 -bipyridine have absorption bands closest in maximum wavelength to the [Ru(bpy) 3 ] 3þ this could be related to an similar electronic structure between both systems. Nevertheless, the manganese(II)-1,10-phenanthroline system, presents absorption bands closest in absorbance to the [Ru(bpy) 3 ] 3þ .
3.4. Distribution curves of the manganese(II)e1,10-phenanthroline system
The distribution diagram for the manganese(II)e 1,10-phenanthroline system is shown in Fig. 4b) , for a solution with equimolar concentration of manganese(II) and 1,10-phenanthroline yields about 60% of the [Mn(Phen)] 2þ , 20% of free manganese(II) and 20% of the bis complex. Moreover, a mixture containing two molar equivalents of 1,10-phenanthroline and a molar equivalent of manganese(II) yields about 80% of [Mn(Phen) 2 ] 2þ and 20% of the mono-complex.
Conclusion
The purpose of this work was to evaluate if the complexes reported here, could generate a spectrum with a maximum peak closest to 310 nm or 285 nm. These wavelengths are characteristics of the oxygenevolving complex, present in nature or in the artificial systems of the complexes of [Ru(bpy) 3 ] 3þ , respectively.
The manganese complexes with 2,2 0 -bipyridyl and 1,10-phenanthroline shows several important spectral characteristics. Possibly, this spectral behavior is related to a high and low rotational flexibility, or low and high aromatic character, for the 2,2 0 -bipyridyl or 1,10-phenanthroline complexes, respectively. This characteristic can possibly confer several geometric advantages. In order to evaluate this theory, it is necessary to realize a crystallographic study and determinate the geometry these complexes. Moreover, analyze their stability of these complexes in several solvents with different donor numbers, also their spectral changes in the presence of several halides or pseudohalides, also determine the true magnetic behavior of the complexes through magnetic susceptibility and EPR and finally, evaluate possible changes in the oxidation states of the manganese center.
Hopefully, these studies eventually would allow us to promote the generation of a more appropriate spectral model.
